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Abstract 

The LHC has been designed as a collider of proton and ion beams. How¬ 
ever, in its experimental program, which is focused mainly on studies of high 
energy transfer collisions of Standard Model point-like particles, protons and 
ions will play a backstage role. For the majority of the LHC experimentalists, 
their role will be confined to providing standardized, acceleration-process- 
stable envelopes for tunable-density and tunable-isospin bunches of Standard 
Model constituents: quarks and gluons. The inter-bunch environment of col¬ 
lisions of these Standard Model particles specific to hadronic colliders and 
absent in the leptonic ones, has always been considered as a burden - an 
annoying but unavoidable price to pay for increasing the collision-energy of 
point-like particles in the storage rings. In this paper we shall argue that such 
a burden can be converted into an important merit of the high-energy hadronic 
colliders - a corner-stone for a fermi-length-scale “collision-experiment” em¬ 
ploying the bunches of spectator quarks and gluons as tunable “femtoscopic” 
targets for the beams of short-living electroweak bosons. 
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1 Introduction 


Perhaps the most important remaining open-qnestion for the qnantnm-held-theory- 
based description of interactions of the basic bnilding blocks of matter is the mecha¬ 
nism which drives the high-energy interactions of longitndinally and transversely 
polarized, massive electroweak bosons. The Higgs model and its known exten¬ 
sions provide a set of possible scenarios for snch a mechanism. These scenarios 
are very attractive becanse they provide an abnndant snpply of road-maps and the 
corresponding navigation rnles which conld be simply picked-np and followed while 
exploring, at the LHC collider, the “Terra incognita” of the TeV-energy-scale inter¬ 
actions of electroweak bosons. By applying these rnles the exploration process is 
rednced to the painstaking scenario-scrntinizing process. Snch a strategy has two 
important merits: it is theoretically well-controlled and experimentally well-defined. 
Bnt is has also a price to pay: it involves a considerable risk of overlooking new, 
nnexpected phenomena. 

To minimize snch a risk, we wonld like to advocate a complementary strategy 
focnsing on the development of handy experimental tools for the exploration process 
in parallel to mastering the discovery-gnide recipes. Obvionsly, the most desirable 
tool for exploring the high-energy interactions of the electroweak bosons would be 
a luminous, polarized, high-energy beam of electroweak bosons. If proton beams of 
energies exceeding 10^^ GeV were available, secondary beams of electroweak bosons 
could be easily formed and used in dedicated experiments - in close analogy to fixed 
target muon-beam experiments which routinely use beams of unstable particles. 

The central point of the present and of the forthcoming paper pQ is that, even 
if experiments using beams of electroweak bosons cannot be realized at the macro¬ 
scopic length-scales, the LHC collider offers a reduced-scope, yet unique opportunity 
to realize them at the femtoscopic length-scale. 

The luminous, high-energy LHC collider will be a very efficient factory to co¬ 
piously produce the electroweak bosons. Its unique merit, with respect to other 
machines, is that these short-living particles could be observed at the LHC collider 
over sufficiently long time for experimental “femtoscopic” studies of their properties 
and interactions. The electroweak bosons will travel, for the observers co-moving 
with the LHC bunches, over the atomic distances of up to 10^ fm before decay¬ 
ing. This defines the maximal lengths, thus the type, of possible targets which, 
if arranged to co-move with the LHC bunches, could be employed in experimental 
studies of properties and collisions of the electroweak bosons. Nature provides only 
one type of target satisfying the above criteria - the atomic nucleus. 

Nuclear beams will play a double role in the proposed scheme. First of all, they 
will provide standardized bunches of quarks and gluons of the adjustable isospin, 
allowing to tune the fluxes of the electroweak bosons. In addition, they will supply 
the co-moving, hadronic matter of adjustable length, which will serve in forming the 
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effective targets for the beam of electroweak bosons. 

The terms beam of electroweak bosons and effective target are precisely dehned 
in Sections 3 and 4 of this paper. They will be used here in direct analogy to the 
beam and targets being used in the muon scattering experiments. The creation 
of the beam of electroweak bosons in collisions of hxed-isospin partonic-bunches is 
considered here to be equivalent to the processes of creation of the muon beam from 
the hxed-flux and flavour-composition beams of secondary hadrons. Hard partonic 
collisions creating the electroweak boson beam are uncorrelated with the subsequent 
collisions of the produced hh-boson beam particles with bunches of spectator quarks 
and gluons because of the large Lorentz-y factor of the colliding partonic bunches, 
high mass of electroweak bosons, and their colourless nature. This factorization is 
analogous to the factorization of the production and collisions of the muon beam. 
The length of the target for the electroweak boson beam, contrary to the hxed- 
length target for the muon beam, will vary on event-by-event basis depending upon 
the localization of the space-time volume, within the bunch of quarks and gluons, 
where the beam particle was created. The average length of the target, however, will 
be hxed for the hxed atomic number of the primary beam particles. This quantity 
dehnes the effective-target length. 

The most important difference between using the muon beam in a concrete exper¬ 
iment and using the electroweak boson beam is that the former one can be isolated 
by the suitable absorber and the beam transport system while the latter one cannot 
be fully isolated from the beams of spectator quarks and gluons, and from the pro¬ 
duced hadrons. Therefore, special measurement procedures and unfolding methods 
must be invented to hlter out, as much as possible, the electroweak boson collision 
signals from the noise of ordinary collisions of quarks and gluons. 

The discussion of such procedures and methods will be presented in a dedicated 
paper and is not discussed here. This paper is devoted to the beam aspects of 
the femtoscopic experiment. We shall pick-up the the beam of charged electroweak 
bosons, namely W~^ and W~, and present its properties, methods of controlling 
its intensity, momentum-band, polarization and the luminosity of the hh-nucleon 
collisions. 


2 Gedanken experiment 

If Planck-energy-scale antineutrino beams were available, then conhguring a hxed 
target experiment to study the properties and the collisions of polarized hh-bosons 
could follow directly the examples of the CERN hxed target experiments which 
use the polarized muon beams. Polarized hP-bosons produced in collisions of the 
antineutrinos with a polarized low-energy electron beam would travel the distance 
larger than 1 kilometer before decaying. Thus, there would be a sufficient space for: 
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(1) filtering out the annihilation processes, (2) selecting a narrow momentum band 
of the produced hh-beam, (3) measuring the hh-boson macroscopic electric current, 
(4) placing a suitable collision target, (5) identifying and measuring the products of 
the ff^-boson collisions. For example, the inclusive cross section, for scattering 
of polarized IF-bosons on nucleons could be derived from the measurements by using 
the canonical formula: 

Ntliswn, Pw) = :F^"{swn) Pw) Pt k, (1) 

where is the observed rate of events at the IF-nucleon centre-of- 

mass-system (CMS) energy squared sy/ni in which the momentum of the outgoing 
IF-boson is is the flux of IF-bosons having the polarization Aj„, pt 

is the target density, and It is the target length. 

Applying this formula to the Planck-energy experimental conhguration requires 
two conditions, always taken for granted in the hxed target muon experiments, to 
be fulhlled: 

• The IF-boson beam must be formed before arriving at the position of the 
target. 

• The total distance between the beam creation zone and the exit point of the 
target must be signihcantly smaller than cr = 'ywCTw, where ■jw is the W- 
boson beam Lorentz factor, tw is the lifetime of the IF-boson in its rest frame 
and c is the speed of light in the vacuum. 

In our ‘gedanken experiment’ they are fulhlled owing to the selection of the 
point-like annihilation process as the source of the hF-boson beam and owing to the 
Planck-scale 'jw factor which, in the rest frame of the target, assures macroscopic 
distances over which the hF-boson could travel before its disintegration. 

Such an experiment cannot be presently realized. However, as we shall show 
in the following section, a reduced scope of its functions can be realized at the 
femtoscopic scale using the LHC beams. The LHC beams, that will be employed 
in conhguring such an experiment are the proton and the deuteron beams colliding 
with the heavy ion beams. The collisions of these beams will be referred to, in the 
following, as the nucleon-nucleus collisions. 

3 The femto-experiment 

3.1 Femto-picture 

Given the ratio of the LHC beam energy to the Planck-scale energy, the LHC exper¬ 
iment to study the IH-boson properties and its collisions must be conhgured at the 
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Nucleus rest frame 



Figure 1: The factorization of the fF-production and fF-collision processes. 


fermi-length scale. It is thus bound to use the nuclear medium to form the beam of 
fF-bosons and to observe their interactions. The nucleus will be considered, in the 
processes discussed in this paper, as a classical object described fully by its static 
parameters. Its dynamic quantum degrees of freedom can be safely neglected in the 
following discussion. 

The nucleus-rest-frame space-time picture of production of a PF-boson in nucleon- 
nucleus collisions, its passage in the hadronic matter and subsequent decay is shown 
in Fig. n In the nucleus rest frame, the incoming nucleon can be considered, for 
the Lorentz factor 7 S> 1, as a Lorentz-frozen (static) bunch of independent partons 
(quarks and gluons). The PF-boson is produced in the hard collision of one its par- 
tons with the target nucleus. The produced PF-boson travels the distance I a in the 
nucleus, then leaves the nucleus, and decays at the distance cr = CTw'yw- 

Three requirements must be satished to “conhgure” the nucleon-nucleus colli¬ 
sions at the LHC as a femtoscopic experiment to explore the high-energy interactions 
of the PF-bosons with hadronic matter. The necessity to fulhll these requirements 
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determines which of the functions of the ‘gedanken experiment’ can be realized at 
the LHC. They are discussed below in turn. 

3.2 Event selection 

The hrst requirement is to dehne the experimental signatures, and to provide the 
effective selection methods for those of the nucleon-nucleus collisions which contain 
the signals of the hh-collisions with hadronic matter. Contrary to the ‘gedanken 
experiment’ the IT-boson collision events cannot be directly selected. As a con¬ 
sequence the scope of exploring the IT-collision processes must be limited to the 
inclusive hh-nucleon collisions, W -h nucleon W + X. The IT-boson collision 
effects, and the effects of the absorption of the IT-bosons in hadronic matter will 
be studied using the sample of events characterized by the hnal-state IT-boson sig¬ 
natures. These effects will have to be filtered out from the effects due to the initial 
state interaction of the partons producing the hh-bosons, and from the overwhelming 
“noise” of simultaneous collisions of co-moving beams of strongly interacting par- 
tons. The filtering methods will be proposed and their sensitivity to the hh-collision 
effects will be discussed in [T]. 

3.3 Framework 

3.3.1 Factorization 

The second requirement is to provide a framework, similar to that for the ‘gedanken 
experiment’, which will allow to express the nucleon-nucleus collision observables 
exclusively in terms of the IF-nucleon inclusive cross section and experimentally con¬ 
trollable quantities. For simplicity we consider first the framework for the inclusive 
scattering of unpolarized IF-bosons, W + nucleon W + X. This framework will 
be extended in Section H.3.5l bv including the polarization effects, and in Section HTT)! 
by including the PF-boson absorption effects. 

The framework is based upon a decomposition of the process shown in Fig. ^ into 
the three independent processes of: the creation of the PF-boson, its propagation 
in hadronic matter, and its decay. We propose the following factorized form of the 
Born-level matrix element for the process shown in Fig. ^ 

M{pn,PA,Pw^r,p'^\pi,p°^^ -pi\A) = 

■^f{Pn, PAi Pwj A) Xip {pwj Pw 5 ^a{Pw^ Pa, ^)) Xid{pi,Pw ~ P^), 

where Xif{pn,PA,PwX\^) is the amplitude for the PF-boson formation in the col¬ 
lision of the nucleon, carrying the momentum pn, with the nucleus of the atomic 
number A, carrying the momentum p^- The PF-boson is created at the position r 
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and carries the momentum The amplitude M.p{Pw:Pw^Ja{PwiPa-,^')) repre¬ 
sents the propagation amplitude of the produced hh-boson in hadronic matter over 
the distance I a leading to a change of its momentum to This amplitude includes 
undisturbed propagation of the hh-boson - in such a case The amplitude 

M.dipiiP'w ~ Vi) is the decay amplitude of observing the S'17(2)i-doublet particles 
of the momenta pi and p^* — pi in the decay of the IT-boson. In the above formulas 
the symbols representing kinematic and space variables are three-vectors. 

Four properties of the above factorization scheme are important. 

• The hF-boson propagation amplitude, Afp, does not depend upon the mecha¬ 
nism of the hF-boson formation. It depends only upon its momentum. 

• M.p depends upon the position of the hF-boson creation point, r, only via the 
IF-boson momentum dependent effective path-length of the IF-boson in the 
hadronic matter, Ia- 

• The decay amplitude, A4d, is independent of the hF-boson creation point and 
of the atomic number of the nucleus. It depends only upon the momentum 
of the hF-boson exiting the hadronic matter which, in turn, is unambiguously 
determined by the momenta of its decay products. 

• The momenta of the incoming and of the outgoing hF-boson are described by 
three-vectors rather than by four-vectors. 

Such a simple factorization does not work in general. It requires several conditions 
to be satished. The reasons why it works for hF-bosons produced at the LHC collider 
are discussed below. 

3.3.2 The case of hF-bosons at LHC 

The factorization is a direct consequence of the following facts: 

• The hF-boson is a point-like particle. 

• The hF-boson is a colour-neutral particle^. 

• The mass of the hF-boson is substantially larger than any scale of the strong 
interactions. 

• The LHC energy is sufficiently high for the IF-boson decay length to be larger 
than the total distance between the IF-boson creation point and the point 
where it exits the nuclear medium. 

^While the former condition assures that the formation of the tL-boson is an instantaneous 
process, the present one assures that a colour-neutral object is instantaneously produced. Note, 
that none of the above two conditions is fulfilled in production of the J/di* particle. 
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• The hh-bosons arriving at the position of the target can be considered as free 
on-shell particles. 

The hrst three of them are obvious. The last two are discussed below. 


Primary beams: p(7TeV) - Pb(2.76TeV) Primary beams: p(7TeV) - Pb(2.76TeV) 



Figure 2: The distributions of: (a) the hF-boson lifetime and (b) log^g See the text 
for more details. 

In Fig. Et we show the distribution of the logarithm of the total path-length, 
cr, of IF-bosons produced in the p-Pb collisions, measured in the rest frame of the 
P6-bunches^. Before decaying, the PF-bosons formed in the collisions of the fastest 
(mainly valence) quarks of the incoming nucleon, travel the distance of ~ 10^ fm, 
while those formed in collisions of the slowest (mainly sea) quarks of the incoming 
nucleon travel the distance of ~ 10 fm. 

The PF-bosons are produced in the process of Drell-Yan-like annihilation of 
quarks and antiquarks^. The quantum-uncertainty of the longitudinal position z of 
the quark-antiquark annihilation process with respect to the position of the nucleus 
is determined by the momentum of the quark (antiquark) which has been removed 

^We postpone the discussion of Monte Carlo generator, which was used to produce this plot, 
till the next section. 

^Formally, the partonic picture of hadrons is valid in the infinite-momentum frame, e.g. in the 
rest frame of the LHC experiments. In this frame the IF-boson formation can be pictured as the 
annihilation of the 5'C/(2)L-partner partons. In the nucleus rest frame the same process can be 
pictured as the bremsstrahlung of the IF-boson from the incoming nucleon’s quark. The results 
and conclusions presented in this paper do not depend upon the choice of the reference frame. 
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from the nucleus. In the rest frame of the nucleus it is uncertain within the loffe- 
length |2]: 

where Ma is the mass of the nucleus and xa = Pparton/Pnucieus is the inhnite- 
momentum-frame fraction of the nucleus momentum carried by the parton taking 
part in formation of the hh-boson. Note, that for those of partons which can be as¬ 
sociated to the individual nucleons of the nucleus: xa = Pparton/(^Pnucieon) = xn/A, 
if the effects of the nucleon Fermi motion is neglected. The annihilation process 
can thus be localized, within the volume of the individual nucleons of the nucleus if 
Xa ~ M]\[/Ma, or, at the LHC energies, up to the distances of Ljoffe ~ 10^ fm, if the 
annihilation process involves the quark (antiquark) carrying the inhnite-momentum- 
frame fraction xa ~ /Ma of the nucleus momentum. 

In order to show that the LHC energy is sufficiently high for the PF-boson decay 
length to be larger than the total distance between the position r of the quark- 
antiquark annihilation and the position where the PF-boson exits the nuclear medium 
we construct, for each annihilation event, the ratio R dehned as: 

-^lofFe 

CTwlW 

where (Z^) is the average path-length of the PF-boson in hadronic matter for the PF- 
bosons created within the volume of the nucleus"^. In order to satisfy the discussed 
requirements, this ratio must be < 1, both for the large momentum PF-bosons, for 
which {Ia) <F Lioffe, and for the small momentum PF-bosons, for which (Z^) Lioffe- 
In Fig.Eb we show the probability distribution of log^Q R for the PF-bosons produced 
at the LHC in the collisions of protons with the lead nuclei. The solid line represents 
the full sample of PF-bosons, while the dashed line the sample which satishes the 
canonical LHC trigger requirements [Sj for selection of the PF-boson events. Both 
plots are normalized such that they represent the probability distributions. It is 
evident that the trigger acceptance cut removes the R>1 tail of the distributions 
which is populated by events in which the PF-boson is produced by the valence quarks 
of the nucleus and the very slow antiquarks of the nucleon. At the LHC, all registered 
PF-bosons have their decay length larger than the distance between their creation 
point and the point where they leave the hadronic matter^. It is worthwhile to note 
that, if one considers only the leading order process of the PF-boson production, and 
if the PF-boson momentum satishes {Ia) -C Lioffe, then R = Tw/Mw for massless 
quarks, where Mw is the PF-boson mass and Fvi/ is its total decay width. 

^The calculation of this quantity is presented in Sectional 

®The residual probability that the PL-bosons produced in the nucleon-nucleus collisions decay 
inside the nucleus can be controlled experimentally by studying the photon radiation yield in 
events in which the PF-boson decays into the electron and the neutrino. 





In the leading process of the hh-boson formation, the longitndinal size of the 
hh-boson formation cell®, 6z = jiy/Miy, is eqnal to the qnantnm nncertainty of the 
position of the nucleus with respect to the hh-boson creation point, irrespectively of 
the hh-boson momentum. The nuclear-rest-frame picture of the process is the fol¬ 
lowing one. The quark (antiquark) of the incoming nucleon emits a virtual hh-boson. 
The quark(antiquark)-virtual-hh-boson pair travels until the quark (antiquark) is 
absorbed within the nucleus. Slow quarks are absorbed at the nucleus surface while 
the fast ones are absorbed within the volume of one of the nucleon of the nucleus. 
The hh-boson becomes a free, on-shell particle as soon as its companion quark is 
absorbed. In subsequent collisions the hh-bosons can be considered as free, on-shell 
particles^. 

Two examples illustrating the space time picture of the hh-formation and decay 
process at the LHC energies are given below. For hF-bosons produced at the lowest 
trigger-accepted jw ~ 10^, the nuclear-rest-frame size of their formation cell of 
the order of 0.25 fm. These hF-bosons are produced mainly by the valence quarks 
of the nucleus, i.e. they are fully formed within the volume of a nucleon within 
a nucleus. For subsequent interactions with the spectator nucleons they are free 
on-shell particles. They travel the distance of ~ 10 fm before decaying. For the hF- 
bosons produced at the highest trigger-accepted = 10® the nuclear-rest-frame 
size of the their formation cell is by two orders of magnitude greater than the nucleus 
size. These hF-bosons are produced by the fastest quarks of the incoming nucleon 
by bremsstrahlung of the hF-boson at the distance of ~ 10^ fm from the nucleus 
centre. They become fully formed on-shell particles at the nucleus surface where its 
companion quark (antiquark) is absorbed. Their decay length is ~ 10^ fm. 

3.3.3 Amplitudes and probabilities 

The hF-boson propagation amplitude Mp could, in principle, be modeled and im¬ 
plemented in dedicated Monte Carlo programs. One could then try to unfold its 
selected properties from the analysis of the measured observables of the nucleon- 
nucleus collisions. The goal of the femto-experiment is, however, to directly measure 
the hF-nucleon collision observables. These observables must thus be expressed only 

®The tL-bosons are created quasi instantaneously. In the rest frame of the IT-boson the size 
of the IT-boson formation cell that satisfies the Heisenberg uncertainty principle is: Sr ~ 1/Mw, 
where the IT-boson mass Mw is expressed in the units in which c = 1 and the Planck constant 
h=i. 

^The experimental procedure to demonstrate that the IT-bosons were formed before colliding 
in nuclear matter would be straightforward if the remnants of the nucleus and of the nucleon 
were measured. Such a procedure would then be equivalent to that used in the analysis of tagged 
photoproduction events at the HERA collider. At the LHC, the off-shellness of the IT-bosons will 
be partially controlled by studying the topology of the particle flow in the analyzed sample of 
events with the final IT-boson signature. 
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in terms of the squares of the amplitudes and must not depend upon the variables 
which cannot be measured. In order to show that such measurements are feasible, 
we have to integrate the matrix element A4 over each of the variables that could 
never be determined experimentally (whatever experimental set-up is proposed), 
and to calculate its square. 

In the process shown in Fig. ^the momentum of the produced hF-boson could 
in principle be determined by measuring the remnants of the nucleon and of the 
nucleus and by measuring the energy flow of the hF-recoil jet®. The momentum of 
the outgoing PF-boson could be determined by measuring the momenta of outgoing 
leptons (even if measuring the neutrino momentum would be highly unpractical). 

The remaining integrals are thus those over the unobserved position of the PF- 
boson creation point, {x,y,z): 




dz \M{x,y,z)\^ 

dz I Mf{x, y, z) Mp {Ia{x, y, z)) Md |^ 


(5) 


where we have left over, for simplicity, the dependence of the amplitudes upon the 
kinematic variables. 

The above expression can be simplihed. As we have discussed in the previous 
section, each of the PF-bosons produced in the primary collision, irrespective of 
its momentum, is “fully formed” before arriving at the position of the target. In 
addition, as we shall discuss in detail in Section 0 its path-length in hadronic matter 
is independent of the exact formation-point position within the PF-boson production 
cell. Therefore the {x, y, 2 :)-dependence of the relative phases of the M ./ and A4p 
amplitudes can be neglected and the position of the PF-boson creation point can 
be replaced by the “coarser granularity” position of the PF-boson formation cell; 
(xp, yp, Zp). Consequently the formula © can be written in the following form: 


|Adci| / dxp I dyp I dzp |Af j(xp, |/p, .Zp)| |Afp (/j4(^p) l/p; •^p))] • (6) 


We have, so far, demonstrated that the partonic collisions producing the PF- 
bosons can be considered, in the studies of the PF-boson propagation in the nuclear 
medium, as a probabilistic random emission source producing the PF-boson beam. 
The only difference of such a beam with respect to the PF-beam of the ‘gedanken 

®The ambiguity of assigning a fraction of particles produced in the inelastic collisions of IF- 
bosons to the remnants, and/or to the recoil jet could, in principle, lead to residual interference 
effects for IF-bosons produced at very small transverse momenta. This effect is neglected in 
this paper. Note, that the VT-boson recoil particles could, in principle, be fully resolved from 
the particles produced in the VT-boson collisions owing to the lack of the colour interconnection 
between these two systems. 
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experiment’ is that its source is randomly distributed in space within the nuclear 
volume and, for the high-momentum hh-bosons, outside the nuclear volume. 


3.3.4 Cross sections 

The factorized form of the integral (jHl) allows us to directly link the rate of of those 
of the nucleon-nucleus collision events shown in Fig. Q in which the produced W- 
boson collided in the nucleus, to the the hF-nucleon collision inclusive cross section. 
Indeed, the factorization of the squared amplitudes allows us to express the rate 
Afevt in the following form: 



dZp JVw(Pn, PA,P'wy^pyypy^pi^) 


X^WniPw^Pw*) U(Xp,yp,^p,Pw,PA) Pa(Pa) 'Pdecay(Pl,Pw*-Pl) 


(7) 


where MwiPniPAiPwi ^p^ yp^ ^p\^) is the unit volume-rate of the PF-bosons produced 
at the cell-position {xp,yp,Zp), CwniPw^Pw^) is the PF-nucleon collision inclusive 
cross section, lA{xp,yp, Zp,p\^,pA) is the path-length of the PF-boson in the nu¬ 
cleus characterized by its atomic number A and the nuclear density® Pa^Pa), and 
'Pdecay{Pi^P'w ~ Pi) is the probability of the decay of the PF-boson having the mo¬ 
mentum into the S't/(2)i-doublet leptons of the four-momenta pi and — Pi- 
The above formula is valid for the PF-nucleon cross section awn "C 1 fm^. This 
condition assures that the PF-boson interacts at most once within the nuclear vol¬ 
ume. 

The result of the integration is: 

Kvt{Pn,PA,Pw^P°W^PM) = 7Fw{Pn,PA,Pw\^) .gx 

XC^W^niPWyPw*) {^a{PwiPa)) Pa{Pa) Pdecay{PliPw^ ~Pl)i 


where Pw{PmPA,Pw\A) is the total flux of the PF-bosons, and 


MpZ.pa)) 




= dxp dyp / dzpPw{Pn,PA,Xp,yp,Zp,PiJA) lA{xp,yp,Zp,p,^ 


,Pa) 


(9) 

is the average path-length of the PF-boson in hadronic matter. In this formula Pw is 
the probability density to produce the PF-boson carrying the momentum pZ within 
the formation cell positioned at Vp = {xp, yp, Zp). It is formally expressed as: 


Pw{Pn,PA,Xp,yp,Zp,pZ\A) = 


AfwiPn, PA, Xp, yp, Zp, pZ\A) 


f dxp f dyp f dzp Mw{Pn, Pa, Xp, Pp, Zp, pZ\A) 


( 10 ) 


®Note, that the path-lengths and the nuclear density must be calculated in the reference frame 
in which the kinematic variables are determined. 
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The formula m becomes particularly simple if explicitly integrated over the 
outgoing lepton momentum pi. Since the integrated decay probability is equal to 1, 
the lepton-momentum integrated rate can be expressed as^°: 

KvtiPn,PA,pZ^PZM) = ^w{Pn,PA,pZ\^) (^wtipZ^PZut) {^a{pZ,Pa)) Pa{Pa) ■ 

( 11 ) 

The above formula, if written in the Lorentz-reference frame in which the nu¬ 
cleus is at rest and the IT-boson has only the longitudinal component of its momen¬ 
tum: = (0, 0, ^y[swn — (Mw + Mny][swn “ — M„)2]/2M„, {swn “ — 

M^)/2M„), where sy/n is the CMS energy of the hh-nucleons collisions, is equivalent 
to the ‘gedanken experiment’ formula (HD, summed up over the spin indices. This 
reference frame will be called hereafter the collinear W-nucleon collision frame. 

We have thus demonstrated that the femto-experiment analysis framework is 
identical to that of the ‘gedanken experiment’. In order to measure swn and the 
pZt dependence of the inclusive cross section o'^'^^{pZ,pZt)^ lo measure 

the event rate Afevt, the total flux of W-bosons J^w{PmPA,pZ\^)i calculate the 
average target lengths {Ia{pZ^Pa)) ■ 

3.3.5 Framework for polarized W-beam 

In the previous sections we have proposed the framework to analyze the nucleon- 
nucleus collision observables in terms of the IF-nucleon collision ones for the colli¬ 
sions of the unpolarized IF-bosons assuming that the identification of the spin state 
of the final hh-boson cannot be made. In this section we generalize this framework 
to describe the inclusive scattering of polarized IF-bosons. Such a framework, as we 
shall demonstrate in the following sections, and in the forthcoming paper pp, will 
be very useful in exploring spin asymmetries in the collisions of the W-bosons with 
hadronic matter - in particular in measuring the W-nucleon collision-energy de¬ 
pendence of the inclusive cross-section asymmetry for longitudinally and and trans¬ 
versely polarized IT-bosons. The key point, which has triggered our interest in 
femto-experimenting at the LHC is that we can propose a method to tune the po¬ 
larization of the IT-boson beam and to measure the polarization of the outgoing 
IF-bosons. 

In Section 13.3.31 we have demonstrated that the partonic collisions producing 
IT-bosons can be treated as a probabilistic random emission source producing the 
IF-boson beam. For the incoherent source producing the PF-bosons with the polar¬ 
ization Xin, the number of events N’Zt {Pn, Pa, Pw^Pw^^P^\^) which the PF-boson 
produced with momentum collides and changes its momentum to can be 

^*^The reason why we have kept the decay-topology dependent probabilities will become clear 
in the following section devoted to the discussion of the framework for the collisions of polarized 
IF-boson beams. 
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expressed by the following formula: 


KvtiPn^PA^Pw^Pw^^PM) = ^w"iPn,PA,Pw\^) 


X 


J2^Wn^°"iPw,Pw) '^w'iPl,Pw-Pl) 


^out 


ihiPw^PA)) Pa{pa) , 


( 12 ) 


where is the flux of the ff^-bosons with the polarization A^n, 

Swn^°'"^iPw-:P'w) is amplitude of the hh-boson scattering on a nucleon, leading 
to a change of its momentum to and to a change of its polarization to \outi and 
— Pi) is the decay amplitude of the ff^-boson into two S'17(2)L-doublet 

fermions. 

The important property of this formula reflects the fact that the spin of the 
outgoing IT-boson could not be directly measured, even if we were able to mea¬ 
sure all particles produced in the nucleon-nucleus collisions. Therefore, a coherent 
summation over the pure spin states of the outgoing IT-boson has to be made. 

The relation of spin-dependent amplitudes to the IT-nucleon inclusive cross sec¬ 
tion can be written as follows: 


d^Pi 


-^1 


w 


i^out 

\out 


} 


T 


a 


incl 

Wn 


= 1 . 


(13) 


This relation dehnes the units of the global normalization factor of S to be the 
cross-section units. 

The observables describing the inclusive collisions of the polarized IT-bosons: 
_j_ ppAout _|_ X have to be unfolded from the observed event rate. The most 
convenient reference frame in which such unfolding can be made is the IT-boson rest 
frame in which the spin quantization axis is chosen to be the collinear W-nucleon 
collision frame ; 2 -axis. The spin dependent observables can be unfolded from the 
measured angular distribution of the IT-boson decay products. 

In the IT-boson rest frame the number of events in which the charged lepton 
is emitted at the angles {0,4>), with respect to the spin quantization axis, can be 
expressed as follows: 


Kvt {Pn, Pa, Pw^ P°w = cos 0 , 0 | A) = 

d^w"i.Pn,PA,Pw\^) •^Wn^^iPw^Pw^) ‘^Wn’^^iPw^P'w) 


Ai,A2 


X^At(/.-^)(cOS0,0) T>;,2 (^_^)(cOS0,0) {lAiPw,PA)) Pa{,Pa) , 


where M^vt is the total number of events having the kinematic variables (p^, p^, Pw, cos 6*, 0), 
are the Standard Model helicity amplitudes of the decay of the IT-boson into lep¬ 
tons having, respectively, the spins p and z/, iA)^^^^_^^(cos6*, 0) and 0) 
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are the matrices corresponding to Wigner rotations for spin-1 particles, and Pa{pa) 
is the nnclens density in the W^-rest frame. 

The above formula is derived using the helicity amplitude formalism presented 
in Ref. |1] and expressing the spin density matrix of the outgoing hh-boson as: 


Ai,A 2 

^Wout 


^in 


A oA. 




{p 


w>Pw\ 


o*A,A2 


{p 


w^p'w) 


(15) 


where 


PWir, 


= 5 




T 

•J T 


w 


Ex,. 


( 16 ) 


The full information on the amplitudes (including phases) of the polarized IT- 
scattering is contained in the matrix elements. In order to measure their swn 

and dependence, we need to polarize the beam of IT-bosons, and to measure 
their flux Pa, P^ I A) and the event rate = 0, cos 6*, 0 1^4). 


3.4 Measuring kinematic variables at LHC 

If the beam of the hh-bosons at the LHC could be momentum and spin tagged, and 
if the momentum and spin of the outgoing hh-boson could be unambiguously deter¬ 
mined from the angular distribution of the final-state leptons, then the CMS-energy 
and polarization dependence of the hh-nucleon cross section (polarized matrix ele¬ 
ments) could be directly determined from the observed event rates using the above 
formulae^^. However, at the LHC the remnants of the nucleon and of the nucleus 
cannot be measured^^. Similarly, the momentum of the outgoing neutrino cannot 
be directly measured. As consequence the projected momenta of the incoming and 
of the outgoing hh-boson on the nucleon-nucleus collision axis cannot be measured. 
The projected momenta of the incoming and of the outgoing hh-bosons on the plane 
perpendicular this axis can be measured only if the final state particles can be as¬ 
sociated either to the recoil system produced in the primary collision producing the 
IT-boson, or to the group of particles produced in the subsequent collision of the 
IT-boson. Note that the above two systems fragment independently and do not have 
any colour interconnection (their correlation and quantum interferences would be 
important only if the nuclear de-excitation global variables were measured). These 
issues will be discussed in more detail in Ref. P] - in the following, we shall assume 
that an algorithm for such an association can be devised and that one can provide, 

^^The procedure of determining the inclusive polarized tV-nucleon cross section would be analo¬ 
gous to the determination of the polarized p-nucleus cross section using e-A collisions of polarized 
electron beam and tagging the initial and the final-state electron momenta and the momenta of 
the pions produced in the p-meson decays. 

^^The highest energy circular collider where a 47r-detector, integrated with the machine lattice, 
was designed is the RHIC collider ElElIZI. 
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on the event-by-event basis, the estimators of the transverse momenta of the two 
systems, and The transverse momentum of the outgoing IT-boson can 

thus be expressed as and the transverse momentum of 

the neutrino as — pj,. 

3.5 Polarization of VF-bosons at LHC 

The spin of the IT-boson beam particles cannot be measured on the event-by-event 
basis. The IT-beam can be considered as an incoherent mixture of the three beams 
representing the three polarization states of the IT-bosons. The spin-dependent 
observables must thus be dehned in terms of the sums of the cross sections weighted 
by the relative intensities of the beams with the three polarization states. The 
polarization of the outgoing fT-boson is encoded into the angular distributions of its 
decay products. Since the longitudinal momentum of the outgoing IT-boson cannot 
be measured at the LHC, the two spin-analysis angles are reduced to only one, 
chosen in this paper as the angle, <p\, between of the produced charged lepton and 
the outgoing IT-boson in the plane perpendicular to the nucleon-nucleus collision 
axis. 


3.6 Unfolding of IP—nucleon collision observables in LHC 
environment 

At the LHC, the IH-nucleon collision observables will have to be unfolded from the 
observed rates of events containing the hnal-state charged lepton (preferably electron 
or muon) and missing transverse energy. These events will be characterized by: the 
reconstructed lepton momentum pi, the reconstructed transverse momentum of the 
neutrino pf, and the reconstructed transverse momentum of the particle system 
associated with the IH-boson recoil system^^ 

The relationship between the rates of events containing the above leptonic sig- 

Other topological variables characterizing the hadronic and leptonic energy flow in selected 
events could be very useful for detailed studies of the mechanism of the fV-boson interactions. 
This aspect is not discussed in this paper. 
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natures and the ly-nucleon collision observables can be written as: 


A/'lhc {Pn , PA , ^Pt^Pi\^) = 

j dVw J d'Pw (pt " 

>^^w{Pn,PA,Pw 1 ^) [l 


p^ecoil ^( 2 ) 


u , I W, out 

Pt + Pt-Pt 


cr. 


absr^W 
tot 


(pZ) {h{pZ,PA)) Pa{pa)] 


X 


i-c’Z‘{pZ) p - & {\pZ - pZt\ - c)} {‘a{pZ,Pa)) Pa{pa) 


( 17 ) 


(j; 


wiipZ^PZut) 0 {\pZn - PZut\ - e ) {U{pZ^Pa)) Pa{Pa) 


X '^AecayiPouvPl) ) 


for the measurement of the total inclusive cross section, and: 

\Pi\^4>\) 1^1) = 

I (Pt ■“ - (Pt + Pt - Pt "“) 

Ai7T,,Al,A2 

1^) [1 - (yfotipZ.) {^a{pZ,Pa)) Pa{Pa)] 

^‘^Wn ^(PwyP'w) ^Wn’ ^(Pw^P'w) {^a{pZ^Pa)) Pa{Pa) 

D1;(^_^)(COS0,0) D1^(^_^)(COS0,0) 

for the measurement of the spin dependent matrix elements^^. cr^oZipZ) is the total 
inclusive cross section and the UtotipZ) is the hh-boson absorption cross section. The 
symbol represents the 2-dimensional Dirac 5-function, and 0(a;) represents 

the step function: Q{x) = 0 for x < 0, and 0(x) = 1 for x > 0. All ptS in 
the above formulae are 2-dimensional vectors in the transverse momentum plane, 
while other ps denote three-momenta. The introduction of the 0(x) function and its 
parameter e is technical. It allows to dehne the two origins of the observed events: 
those in which the outgoing hh-bosons interacted in the hadronic matter and those 
in which they did not. Such a separation is not physical. The measurement results 
must not depend upon the way how these subsamples are defined. Indeed, the 
e dependence of the sum of the two corresponding terms vanishes, in any concrete 
unfolding procedure, as soon as the e value is chosen to be smaller than the resolution 
with which the sum of the transverse momenta, -|-p^, is measured^^. The 

term [i- — o'fl^tipZ){^A{,pZyPA)) Pa(pa)] describes the disappearance of the IT-bosons. 

^"^The angles 9 and (j) in eq. m are expressed in terms of \pi\ and (j)\. 

^®For the spin-dependent formula the technical separation is not necessary because con¬ 

tains both contributions, whatever criteria of the technical splitting of the full sample of events 
into the transmission and interaction subsamples are used. 
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The precision of unfolding of the hh-nucleon collision observables will be driven 
by the statistical precision of measuring event rates and by the systematic precision 
of measuring the kinematic variables. However, the most important source of the 
measurement errors will be the uncertainties in the kernels of the integral equations. 

The quest for their high precision is amplihed not only by the fact that only the 
integrated rates will be measured at the LHC, but also by the fact that in the 
Monte-Carlo-based unfolding methods, the propagation of the kernel errors to the 
measured quantity cannot be fully controlled. 

The kernels of the integral equation contain the expressions which can be pre¬ 
cisely calculated and those which depend upon the external experimental input. The 
dominant contribution to a measurement error will be due to the uncertainty in the 
kinematic, spin and nuclear dependence of the flux of the IH-bosons^®, Pa, Pw\^) 

and the IH-boson momentum dependence of the average target length. The precision 
with which they could be presently calculated will likely turn out to be insufficient 
to explore the rare collision of IH-bosons. Therefore one has to propose special 
measurement procedures reducing the influence of these uncertainties on the mea¬ 
surement of the IH-nucleon collisions observables. In the following section of this 
paper we shall propose such procedures fulhlling the third, necessary and sufficient 
condition, which must be satished for “configuring” the nucleon-nucleus collisions at 
the LHC as the femto-experiment for the investigation of the high-energy IH-bosons 
interactions with matter. 


4 Beams 

4.1 Theoretical control 

The IT-boson beams will be generated, at the Interaction Points (IPs) of the LHC 
collider, by hard collisions of the constituents of the colliding particles: quarks, 
antiquarks and gluons. The leading process is the Drell-Yan-like annihilation of 
quarks and antiquarks - the members of SU(2)l doublets with opposite values of the 
third weak-isospin component. Non-diagonal elements of the Cabbibo-Kobayashi- 
Maskawa (CKM) matrix lead to mixing between the quark generations. The W- 
bosons do not couple directly to gluons. However, gluons can couple to a quark- 
antiquark pair, providing a supplementary source of quarks and antiquarks for the 
Drell-Yan-like process. This latter process, even if next-to-leading in the strong 
interaction coupling constant influences considerably the W production rates 
at the LHC since the high energies of the colliding beams allow to reach the low 
Bjorken-x region where the gluon density in the nucleon becomes seizeable. 

^®Note that, conceptually, the unfolding methods for the IT-beam fluxes at the LHC will be 
similar to those developed in the past for the SPS neutrino fluxes. 
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The cross section of the fV-boson production at hadronic colliders is calculated 
as a product of the hard scattering cross section and parton distribution functions 
(PDFs). The hard scattering cross section can be calculated using perturbative 
methods with the precision of 0(0^) at the high transverse momentum of the W- 
boson For the transverse momentum of the hF-boson substantially smaller 
than its mass, the fixed order perturbative result has to be complemented by a 
re-summation of large logarithmic correction to all orders in jH|. 

The electroweak radiative cross sections modify the calculated cross section with 
terms proportional to aqED- Contrary to the QCD corrections, they depend upon 
the flavour of produced leptons. The electroweak radiative corrections are dominated 
by the virtual corrections to PF-propagator and vertices and by the QED radiation 
by the hnal state lepton(s) [Tllllllj . The photon radiation from the quarks, the inter¬ 
ference terms as well as higher-order radiative corrections, including re-summation 
of multiple soft-photon emissions, must also be included in high-precision calcula¬ 
tions uniiniini. 

By the time when the LHC will start taking data the W production processes 
are expected to be controlled theoretically to ~ 1-2% for fixed PDFs. The detailed 
discussion of theoretical and experimental aspects of the PF-boson production in 
hadronic colliders can be found e.g. in Ref. OBI, and recently in Ref. m. 

The presently known QCD calculation methods do not allow the PDFs to be di¬ 
rectly calculated. The perturbative methods allow, however, to derive the relevant 
PDFs from the deep-inelastic scattering data and to extrapolate them to the vir¬ 
tualities scales involved in PF-boson production. Uncertainties of the PDFs arising 
from various theoretical sources have been propagated to the uncertainties in the 
predicted PF-production cross section in Ref. ng. The uncertainty of the PDFs will 
determine the precision of the predicted PF-production cross sections at the LHC, 
and its rapidity and transverse-momentum dependence. The PF-production cross 
section for the p-p collision will likely be controlled to the ~ 5% precision at the 
start-up of the LHC operation. This uncertainty will be gradually diminished with 
increasing global understanding of the LHC data. 

The nuclear PDFs suffer from large uncertainties, in particular in the small- 
X domain where only hxed-target deep-inelastic scattering data, conhned to low- 
virtuality scales, are available for the QCD fits. The extrapolation of these data to 
the LHC virtuality scales must involve, at present, modeling of static nuclear effects, 
which are not controlled by the perturbative QCD. 

4.2 Monte Carlo event generator 

The complexity of the interplay of the QCD and QED radiation and sophisticated 
experimental procedures to derive PF-boson fluxes from the LHC data requires a 
dedicated Monte Carlo event generator. The ultimate Monte Carlo generator should. 
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ideally, include the full set of QCD and electroweak radiative corrections, re-summed 
in the phase-space regions where emission of soft radiation quanta is abundant, the 
phenomenological parameterizations of non-perturbative effects, such as the intrinsic 
transverse momentum of partons. It should be based upon the most precise PDFs 
for nucleons and nuclei. Such a Monte Carlo generator is being developed at the 
moment, see e.g. naiiniiiiiiiHiiin]. 

In the present study we use its present development version, the Monte Carlo 
event generator WINHAC [12112D]. At the present development stage, this generator 
incorporates only the leading-order process of creation of PF-bosons, but includes 
already the EW radiative corrections in leptonic W decays. More precisely, collinear 
conhgurations of initial quarks are generated from the PDFs, while the perturba¬ 
tive QCD effects are included through appropriate scaling violation. All PF-bosons 
produced by the present generator have = 0. A set of PDF parameterizations is 
provided through the PDFLIB package |21j . 

Since, at hadron colliders, the PF-bosons can be identified efficiently only through 
their leptonic-decay channels, only leptonic decays are currently implemented in 
WINHAC. The process of leptonic PF decays is described within the framework of 
the Yennie-Frautschi-Suura exclusive exponentiation Ea, where all the infrared 
QED effects are re-summed to the infinite order. The residual non-infrared EW 
corrections are calculated perturbatively. In the current version of the program 
the latter corrections are included up to 0(a). WINHAC went successfully through 
several numerical tests [12] , and was also cross-checked with the independent Monte 
Carlo program HORACE [221 • 

The unique merit of the WINHAC event generator, for the studies discussed in 
this paper, is that the PF production and decay processes are described using the 
spin amplitude formalism. The spin amplitudes for the PF production and the PF 
decay are calculated separately. They correspond to all possible spin configurations 
of the intermediate PF-boson, and of the initial and final-state fermions. The matrix 
element for the charged-current Drell-Yan process is obtained by summing the pro¬ 
duction and decay amplitudes over the intermediate-PF spin states. The amplitudes 
are evaluated numerically for given particles four-momenta and polarizations. They 
can be calculated in any Lorentz frame in which the corresponding particles four- 
momenta are defined. For more detailed discussion see Ref. The advantage of 
using the spin amplitudes is that one can control the spin states, in particular the 
production of longitudinally and transversely polarized PF-bosons. Within this for¬ 
malism one can also include easily the effects of collisions of the PF-boson in hadronic 
matter assuring the coherence of the mixed states of the PF-bosons throughout the 
collision and decay phases. 

This Monte Carlo program allows to provide a first glimpse on the spectra and 
polarization of produced PF-bosons, also in the presence of realistic experimental 
event selections. While the overall longitudinal spectra of PFs are well controlled. 
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the current version of the program does not provide information on their transverse 
spectra. The latter can be described realistically by initial-state parton shower 
algorithms, possibly matched with the NLO contributions to the hard process. This 
will be worked out further in Refs. miiiHiiini. 

The partonic distributions for the proton are taken from the PDFLIB package 
- in our studies we used the MRS (G) parametrization (Ngroup=3 and Nset=41 in 
the PDFLIB notation (23). The partonic distributions for ion beams are also taken 
from PDFLIB. They include the nuclear shadowing effects parametrized by the EKS 
group (21] • This parametrization is based upon the DGLAP extrapolation of the 
nuclear targets DIS data to the hardness scale of the IR-boson production, and upon 
a phenomenological modeling of the static nuclear effects. 


4.3 Fluxes 

4.3.1 Beam momentum spectra 

The WINHAC predictions for the fluxes of the hh-bosons Tw{Pn, Pa, Pw\^) produced 
in four LHG collision schemes: p-p, p-Pb, D-Pb, and D-Ca (where D denotes 
deuteron) are shown in Fig. (K The fluxes are plotted as a function of the logarithm 
of the hh-boson momentum, \p^^\, measured in the collinear IR-nucleon collision 
frame dehned in Section [3.3.41 

The energies of primary beams satisfy the equal magnetic rigidity condition: 

^beam = 7 ^ TeV, (19) 

where Z and A are, respectively, the ion charge and its atomic number. These 
plots are normalized using the design luminosity for the pp scattering: Lpp = 
10^^cm“^s“^. We have assumed the following scaling of the luminosity with the 
atomic numbers Ai and A 2 of the primary beams: 


L 


A1A2 


^PP 

A1A2 


( 20 ) 


Such an assumption is realistic for collisions in which one of the colliding beam has 
a very small A. In such a case the beam-beam luminosity limits are less important 
than the limits driven by the bunch parameters, and by their collision frequency. 
In addition such a scaling is practical for studying the collisions of the point-like 
constituents of the beam particles. The luminosity scaled according to eq. 
assures the R-independent luminosity of the parton-parton collisions in the limit of 
a dilute gas of partonic clouds. 

The fluxes of the beam particles vary in the range from 200 {p-Pb) to 370 {p-p) 
IT-bosons per second. It is interesting to note that these fluxes are similar to the 
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Figure 3: The fluxes of the W~^ and W~ beams for the collisions of: (a) p-p, (b) 
p-Pb, (c) D-Pb and (d) D-Ca, for the luminosity of the primary collisions: LaiA 2 = 
lQi^^/{AiA 2 ) [cm“^s“^], as a function of the fF-boson momentum in the collinear IF- 
nucleon collision frame . 
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fluxes of secondary hadrons used in the in the hrst bubble-chamber experiments 
at CERN. The beam is a Wide-Momentum-Band beam. Its momentum spectrum 
extends over four orders of magnitude, from 10 TeV to 100 PeV, 

The momentum distribution of the hP-bosons produced in proton-proton col¬ 
lisions, shown in Fig. Eti-, exhibits an asymmetry of the spectra of positively and 
negatively charged IP-bosons. This is a direct consequence of a net excess of the 
M-quarks with respect to the d-quarks. It is particularly large in the small and in the 
large log^Q |p^| regions, where the IP-bosons are produced mostly in the collisions of 
the valence quarks of the incoming beam particles. The charge asymmetry reflects 
directly the ratio of the d-quark and the n-quark densities in this region. The mo¬ 
mentum distribution of the IT-boson flux in the proton-lead collisions is shown in 
Fig. Eb- The charge asymmetry changes sign for the “small”-momentum kP-bosons 
due to the excess of neutrons over protons in heavy ions and the corresponding excess 
of the d-quarks over the u-quarks. It disappears partially, as illustrated in Fig. Et, 
for the deuteron-lead collisions (in the large log^g \'Pw\ domain) and completely, as 
illustrated in Fig. Eb, for the deuteron-calcium collisions. 

The size of the nuclear effects in partonic distributions (departure from a dilute- 
gas approximation) is illustrated in Fig. Eh, where the momentum distribution of 
the IP-boson flux is plotted for the primary collisions of iso-scalar beams having 
equal number of the d and u-quarks. The asymmetry of the low-momentum part 
and the high momentum part reflects the asymmetry in the nuclear corrections of 
the two beam particles. This collision conhguration is particularly interesting and 
will be discussed in detail in the forthcoming paper pQ. In this conhguration the 
huxes of the kP-bosons and those of the Z-bosons can be directly related to each 
other. 

The above plots illustrate the dynamic range in which the momentum spectrum 
of the kP-beam can be tuned at the LHC. The knobs for such a tuning are: the 
choice of the atomic numbers of colliding particles, and the selection of the charge 
of the kP-boson. Such a tuning capacity, together with the capacity of tuning the 
energies of primary beams will play an important role in controlling the precision of 
unfolding the kP-collision observables^^. The studies of internal consistency of the 
momentum spectra for the positive and for negative kP-bosons for variable atomic 
number of the primary beams will be of important help in scrutinizing independently 
the PDFs (both for the valence and the sea quarks) and the effects driving the energy 
dependence of the partonic emittance. 

would like to recall that varying the momentum byte and the relative proportion of the pions 
and kaons generating the neutrino beams for the SPS neutrino collision program was indispensable 
for precise measurements of the neutrino-nucleon and antineutrino-nucleon cross sections [isiEni 
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4.3.2 Polarization 


For the studies of collisions of the hF-boson with the nucleon the natural choice of the 
spin quantization axis is the z-axis of the collinear W-nucleon collision frame dehned 
in Section 13.3.41 In this reference frame the spin direction of the longitudinally 
polarized hF-boson is perpendicular to the fF-nucleon collision axis. 

The polarization of the fF-beam is a direct consequence of the V — A coupling 
of the IF-boson to quarks. If quarks were massless and if they moved collinearly 
with their parent hadrons then the PF-bosons would only be transversely polarized. 
The relative proportion of the A = +1 and the A = — 1 fluxes would reflect the 
probability of the incoming quark to move along the — 2 ; or +z direction. Longitu¬ 
dinally polarized PF-bosons (A = 0) are produced in the process of annihilation of 
massive quark(s) and/or in the annihilation of the quarks which are not collinear 
with their parent hadrons. The relevant experimental observable which allows to 
tune the relative fluxes of the transversely and longitudinally polarized PF-bosons 
is the transverse momentum, pp™'*, of the recoiled particles in the PF-production 
process. 



Figure 4: The fluxes of the transversely polarized PF-beams. 

In Fig.|3]we show the WINHAC predictions for the polarization dependence of the 
PF-boson beam fluxes: iF^""{pn-,PA,Pw\^)i primary collisions of the proton 

and the lead-ion beams. The fluxes are plotted as a function of the beam momentum, 
separately for the beams of the positively and the negatively charged PF-bosons.. 
At the lowest momentum the PF-beam has purely the A = +1 polarization while at 
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the highest one it has the A = — 1 polarization. The relative proportion of the 
and changes monotonically with the hh-beam momentnm. This plot illnstrates 
the capacity of tnnning the relative proportion of the A = +1 and the A = — 1 fluxes 
within the full dynamical range by choosing the appropriate momenta of the primary 
beams and, to a certain degree, by choosing the charge of the beam particles. 


Primary beams: p(7TeV) - Pb(2.76TeV) 



Figure 5: The relative flux of the longitudinally and transversely polarized hF-bosons as 
a function of the hF-boson recoil transverse momentum. 

In the present version of WINHAC the NLO QCD processes generating the trans¬ 
verse momenta of partons are not included. For the preliminary estimation of the 
^recoil (dependence of the ratio of the fluxes of longitudinally and transversely po¬ 
larized PF-bosons the effect of the transverse momentum of incoming partons was 
emulated using the following kinematic model. The transverse momentum of the W- 
boson was generated randomly and attributed with equal probability to the quark 
(anitiquark) of the nucleus and to the antiquark (quark) of the nucleon. Since the 
quantization axis in the PF-boson rest frame points to the direction of the nucleus, 
the PF-boson may have, in this reference frame, the longitudinal polarization only 
if the transverse momentum is attributed to the quark (antiquark) of the nucleus. 
The ratio of the fluxes of the longitudinally and transversely polarized PF-bosons 
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was determined using the value of of the Wigner rotation angle - the angle between 
the momentum vectors of the nucleus and of the quark in the rest frame of the W- 
boson. The estimated ratio is shown in Fig. El This plot illustrates the correlation 
between the transverse momentum of the hF-boson recoil particles and the relative 
proportion of fluxes. Such a correlation allows to tune the relative intensity of the 
longitudinally and transversely polarized hF-beams. 

4.4 Experimental control of fluxes — outlook 

The precision of controlling the fluxes of the fF-bosons at the LHC will be gradu¬ 
ally improved, before the start-up of the LHC operation, by matching the progress 
in detailed understanding of the Tevatron IF-production data with the increasing 
precision of theoretical calculation of the fF-production processes. The ultimate 
precision which will be achieved on the “D-day” of the start-up of the LHC opera¬ 
tion will, however, very likely be insufficient for scrutinizing the collisions of weakly 
interacting particles with hadronic matter. Therefore, one needs to develop dedi¬ 
cated measurement methods allowing to reduce the influence of the PF-boson flux 
uncertainty on the PF-boson collision observables. 

Depending on the required level of sensitivity to the PF-beam collision effects the 
following three methods of handling the PF-boson fluxes are proposed in this paper: 

• the calculated flux method, 

• the extrapolated flux method, 

• the flux-independent method. 

The hrst method uses the calculated fluxes of the PF-bosons. Initially, at the 
start-up of the LHC operation, its sensitivity to the PF-collision effects will be poor 
due to the PF-flux shape and normalization uncertainties. The main effort will have 
to be focused on diminishing the uncertainties in the non-perturbative inputs for 
the theoretical calculation of the PF-fluxes: in the PDFs, and in the extrapolation 
of the transverse emittance of partons to the LHC collision energy. The progress 
will most likely be driven by studies of the spectra of leptons produced in collisions 
of the LHC beams. 

A high-precision scrutinizing of the PDFs could proht from the parasitic LHC 
electron beam, proposed recently in Ref. 1271 , to map the partonic distributions 
at the LHC. If such a beam is delivered to the LHC interaction points, then the 
proton and the neutron PDFs could be mapped using the LHC detectors. Simul¬ 
taneous measurements of the electron-proton(nucleus) collision and the proton- 
proton(nucleus) collisions could drastically diminish the QCD-extrapolation and 
normalization uncertainties. The parasitic electron beam proposed in Ref. EH can¬ 
not, however be used to map the nuclear effects in the PDFs. These effects could be 
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precisely measured at the HERA collider^®. If not measured at HERA, the PDFs 
of the nuclear bunches of quarks and gluons will thus relay on the scarce data and 
uncertain extrapolations - until the eRHIC program will map them ISDI. 

In the second, extrapolated flux method an emphasis is put on understanding the 
variation of the IR-boson fluxes with the atomic number of the beam particles, and 
on conhning, as much as possible, the dominant theoretical uncertainties of predicted 
lE-boson fluxes within the normalization factor ~ the A-independent, dilute partonic 
system flux. Since the nuclear size (A-dependent) effects are present both in the W- 
boson fluxes and in the average path-length of the lE-boson in hadronic matter 
they cannot in be resolved by measuring only the A-dependence of the lE-boson 
production rates. In the proposed method the fluxes of the lE-bosons are determined 
by measuring and htting the A-dependence of the spectra of the charged lepton in 
the log \pi I bins in the monitoring regions. The monitoring region is dehned by 
choosing: the energies of the primary beams, the momentum of the hP-boson, and 
its polarization, such that both the absorption and the inclusive cross sections for 
IP-nucleon collisions are negligible (e.g. for transversely polarized lE-bosons at low 
lE-nucleon CMS energies). 

The fluxes of the IT-bosons and their polarization can be determined in the moni¬ 
toring regions by measuring the angular distribution of the IT-boson decay products. 
The observed A-dependence of the fluxes can subsequently be used in unfolding the 
lE-boson collision effects in a conhguration where they become signihcant. Such a 
procedure allows to factorize-out and neglect a large fraction of theoretical uncer¬ 
tainties of the IT-fluxes. It could be employed in experimental scrutinizing of the 
centre-of-mass energy dependence of the cross-section for collisions of the longitudi¬ 
nally polarized IP-bosons at the LHC-collider energies. 

The precision of such a procedure is illustrated in Fig. IHl The A-dependence of 
the IT-boson flux is htted in the monitoring region using the rates of the events 
containing the IP-boson decay signatures in the p-He, p-0, p-Ca, p-Xe and p-Pb 
collisions. The following form of the £t was chosen^®: 

^ = ( 21 ) 

We have assumed that the point to point systematic normalization errors of the 
rates will be kept below 2% and the A-dependent acceptance corrections will be 
kept below 1%. Such a precision can be achieved already in the initial period of the 
LHC operation. The slope of the £t is determined, with the precision of 10%, no 
matter what theoretical precision of the overall normalization of the dilute partonic 
system flux, JFq, can be achieved. 

^®The nuclear program for the HERA collider was developed and proposed in 1997 to the HERA 
community as an alternative to the high-luminosity upgrade |28l I29| . 

^®This is the simplest form of the fit which includes the effects of shadowing for the large momenta 
of the VE-bosons (a > 0), and the EMC effect for the small momenta of the VE-bosons (a < 0.) 
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p-A collisions 



Figure 6: The fit of the A-dependence of the PF-boson fluxes. 

The key point of the above method is that only the relative point-to-point sys¬ 
tematic errors are important in the fit of the A-dependence of the fluxes. Since the 
precision of the relative measurement of the PF-boson fluxes could be significantly 
improved in a dedicated machine configuration, e.g. by storing simultaneously or by 
frequent switching between various iso-scalar nuclear beams, this method has the 
potential to be very precise. In the dedicated LHC running program with several ion 
beams a ~ 1% sensitivity to the PF-collision effects may be achieved in this method. 

The third, flux-independent method minimizes the impact of the uncertainties in 
the PF-boson flux for specially designed dedicated measurements. In this method, 
the effects of propagation of the PF-bosons in hadronic matter are related to the 
effects of propagation of other particles. For example, the collisions of the PF-bosons 
in hadronic matter can be monitored using the monitoring sample of the Z-bosons. 
For the collisions of iso-scalar nuclei (e.g. deuteron-calcium collisions), for which 
the differences in the momentum distribution of the d-quark and the u-quark are 
negligible, the uncertainty of relative fluxes of the PF and Z-bosons can be reduced 
down to the tiny effects due to their mass difference. In this collision configuration 
even a very small (< 0.1%) anomalous effects in the propagation of PF-bosons can 
be detected by using the Z-boson templates. This method will be discussed in more 
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detail in the forthcoming paper 


5 Targets 

5.1 Covariant and invariant quantities 

In the framework presented in SectionElthe hh-boson beam targets are described by 
two functions: the average path of the hh-boson in hadronic matter, {Ia^Vw^Pa))) 
and the nuclear density, Pa{pa)- In order to preserve the Lorentz-covariance of 
the formulae we have kept explicitly their dependence upon the momentum of the 
nucleus, allowing for the apparent deformations of its volume and density in reference 
frames where the nucleus moves with high velocity (e.g. in the hh-boson rest frame). 
The discussion of the control of the IV-boson targets, presented in this section, uses 
explicitly the fact that the product of these two functions is invariant with respect to 
Lorentz transformations. This is because the dependence of the nucleus density and 
of the effective path-length of the IT-boson upon the 7 -factor of the Lorentz boost 
cancel each other for spherically symmetric nuclei. This allows us to discuss the 
effective target length in the most convenient reference frame and use the formulas 
derived in this frame in arbitrary Lorenz reference frame, provided that it will appear 
in the expressions together with the nuclear density. The most convenient reference 
frame is the rest frame of the nucleus with the 2 ;-direction collinear with the direction 
of the incoming nucleon. 

5.2 VF-boson path-length 

The hh-boson path-length in hadronic matter is determined by the relative position 
of the hh-boson creation cell with respect to the centre of the nucleus and by the 
IT-boson momentum. The target length for the hh-boson beam will thus vary on 
event-by-event basis. The event-by-event variation of the target length cannot be 
controlled experimentally at the LHC^°. What can be controlled experimentally is 
the ^-dependent average path-length of the W-boson in the nucleus of the atomic 
number A. Since the nucleus-rest-frame IT-boson momentum reaches the TeV-PeV 
range, the observer traveling with the IT-boson, views the nucleus as a “macro¬ 
scopic” classical object. The quantum fluctuations of the its degrees of freedom are 
frozen during the passage of the hh-particle allowing to describe the nucleus only in 
terms static nuclear parameters. 

In Section El we have implicitly assumed, that the nucleon collides with the 
nucleus at the impact parameter b = (bx,by) = (0,0). The generalization of the 

the LHC, wounded nucleons of the nucleus are emitted at small angles and cannot be 
detected. 



formula (9) defining the average path-length to the case where the nucleon arrives 
at the position of the nucleus with the uniformly distributed impact parameter is 
st raight forward: 


ilAipZ)) 


dhx I dhy I dxp I dyp 


dzp l(^Xp,yp, Zp,p^^, I A) 

X'Pwi.^pt Vpi Zpibx^by, Pj^n 1 ^)) 


( 22 ) 


where l{xp, Pp, Zp,pZ |^) is the distance over which the hh-boson produced with the 
momentum pZ travels before leaving the nucleus of the atomic number A. The 
above formula is general but unpractical. In the following we shall simplify it and 
write it in a form which will allow us to express the average path of the hh-bosons 
in terms of quantities which can be controlled experimentally. 

Firstly, we recall that the qnark (antiquark) of the nucleon projectile can be 
localized within the transverse distances of Lt = 2i?„, where is the nncleon 
radius^^. The antiquark (quark) of the target nucleus can be localized within the 
transverse distances of Lt = 2 Ra-, where Ra is the nncleus radius. The transverse 
size of the hF-boson formation cell (i.e. the region where, for given xa and a; at, the 
VF-formation process is conhned) is determined by the overlap of the localization 
volnmes of the quark (antiquark) of the nucleon and antiqnark (qnark) the of the 
nncleus. The transverse position of the hF-prodnction cell is thus restricted to 
the region specihed by the following boundaries: — Rn < Xp < + Rn, and 

by — Rn < Pp < by + Rn- These conditions dehne the impact parameter and the 
IF-boson momentnm-dependent region in which the integration over Xp, Pp will have 
to be performed. Since the transverse-size boundary is conhned to small distances 
(with respect to the nucleus size and the hF-boson path-length), the integrals over 
Xp, Pp can be calculated explicitly: 

{Ia{pZ)) = j dbx j dby j dzpl{bx,by,Zp,pZ\A)Vw{bx,by,Zp,pZ\A). (23) 

Secondly, we note that the transverse momentnm of the hF-bosons is, for the 
LHC energies, signihcantly smaller than its nncleus-rest-frame longitndinal momen¬ 
tnm. This allows us to ignore, in the calculation of the average path-length, the 
contribution coming from non-collinear hF-nncleus collisions. Technically, this sim- 
plihcation assures the cylindrical symmetry of the integral, allowing to factorize the 
transverse and the longitudinal degrees of freedom. In addition, it allows us to drop 
the dependence npon the incoming hF-boson momentum pZ in the path-length term 
and npon the transverse momentum of the hF-boson in the probability term. 

^^The contribution of diffractive, very small momentum-transfer tL-production (vT < i?n/2) 
can be safely neglected here. 
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This simplification results in the following expression: 

UpZ)) = I db. j dby f,’X(b,, by) j dZy {Zy{pZ)) I {by, by, Zy |>1) . (24) 

where p^{bx,by) is the transverse density of nucleons in the nucleus, normalized 
to the integrated transverse density. The is the probability of forming the 
hh-boson at the longitudinal distance Zp{p^) with respect to the position of the 
centre of the nucleus for the fixed-impact-parameter nucleon-nucleus collision. Its 
explicit calculation requires the experimental knowledge of space-distribution (both 
in the impact parameter and in the longitudinal distance) of the quarks (antiquarks) 
involved in the production of the IT-boson. The precise determination of the impact 
parameter dependence of the PDFs was the principal goal of the nuclear program 
for HERA |28[ 1^ and remains one of the target of the future eRHIC experimental 
program at the BNL ISDI. Before such measurements are made, the average path- 
length of the hF-bosons can be controlled precisely only in the kinematic domains 
where the knowledge of the space-distribution of partons is not indispensable. 

5.3 Effective targets for VR-beam 

For the hF-bosons produced at small momenta in asymmetric collisions of small- 
X parton from the nucleon and large-a: parton from the nucleus, the size of the 
IF-boson formation cell: 

U{xa) = < 2Rn (25) 

xaMa 

is small and the integrals in eq. (I24j) can be calculated independently of the exact 
form of the V^. This is because the IF-boson formation cell is, in such a case, local¬ 
ized both transversally and longitudinally within the volume of individual nucleons, 
and the total IF-boson path-length in nuclear matter is independent of the exact 
position of the IF-boson creation point. In this region {Ia{pZ.)) is independent of 
the hF-boson momentum and can be expressed as: 

f jR\-bl-bl- Zp 

dby p\{b^,by) / dZp^ - , (26) 

‘^^Rl-bl-bl 

where Ra is the nucleus radius. This universal atomic-number-dependent quantity 
representing the average target length for the IF-bosons formed by the large-Xyi 
parton of the nucleus defines the effective target length for the IF-boson beam. It 
can be tuned by choosing the atomic number of the LHC ion beam^^. 

the general case of an arbitrary Ioffe length the average path-length is a function of the 
CMS energy of the IF-nucleon collisions swn and can be written as: {IaIswu)) = K{swn) (Ia), 
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(a) (b) 

Figure 7: The effective target length, (a), and the fF-nucleon luminosity, (b). 


In Fig. Uh we show the dependence of the average path-length upon the atomic 
number of the target nucleus for the hF-bosons satisfying the condition (j2ni). The 
projected density was calculated using the Saxon-Woods density inn, and the nu¬ 
clear radius was taken to be the Saxon-Woods parametrization radius. The dynamic 
range of the average path-length is conhned to the distances of ~ 1-7 fm, depending 
on the atomic number of the target nucleus. 

In order to demonstrate the full equivalence of the targets used in macroscopic 
scattering experiments with the nuclear targets for the femto-experiments, it remains 
to be demonstrated that the experimental control of the average length of the the 
IF-boson beam target is equivalent to the event-by-event control of the target-length 
in macroscopic experiments. This need not to be the case in general. For the W- 
boson beam this requirement is likely to be fulhlled since the kF-nucleon collision 
cross section is expected to be small enough that each produced kF-boson could 
collide at most once within the nucleus: awn "C 1 fm^. If this condition is fulhlled, 
then the sample of N events in which the IF-boson traveled the total distance 
Ia{N) = Ylii=i is, in the limit of large iV, equivalent to the sample of N 

events in which each produced IF-boson traveled the distance {Ia) given by eq. (1^ . 

where K{swn) varies between 1, for the lowest energies, and 2, for the highest energies of the 
IF-nucleon collisions at the LHC. 
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6 Luminosity 

The luminosity of the LHC IH-nucleon collider, employing the polarized IV-boson 
beam produced in the interaction of the primary beams of protons and ions of atomic 
number A, can be expressed as: 

Lwni^Wn) [fm"^s“^] = [s“^] X {Uiswu)) M X p\ [fm“^]. (27) 

In this formula we have written explicitly the units and expressed the kinematic 
observables in terms of the Lorentz-invariant centre-of-mass energy of the IT-nucleon 
collisions. The flux of the IT-boson in the polarization state enters the equation 
in the surface-integrated form. This simplification was possible owing to the large 7 - 
factor of the Lorentz-boost from the IT-beam particle rest frame to the nuclear rest 
frame^^, which reduces the apparent divergence of the IT-beam in the target rest 
frame. The centre-of-mass energy of the hh-nucleon collisions is unambiguously 
determined by the longitudinal momentum of the hh-boson in the collinear W- 
nucleon collision frame because the Fermi momenta of the nucleons within the nuclei 
can be neglected at the LHC energies. Similar formula could also be written for 
the luminosity of PF-parton collisions by replacing the distribution of the nucleons 
within the nucleus with the distribution of the partons within the nucleus 
and by recalculating the formula ( 1221 ) for the partonic density rather than nucleon 
density. This would preclude that IF-bosons interact with hadronic matter only by 
a direct coupling to its point like constituents. Such an assumption, even if quite 
natural, will have to be tested experimentally at the LHC. 

In order to asses the statistical sensitivity of the PF-nucleon collider for exploring 
the interactions of PF-bosons with hadronic matter, we rewrite the formula (|77|) 
by expressing the PF-boson flux in terms of the luminosity of the proton-nucleus 
collisions Lp^'. 

Lw'ni^Wn) = LpA (s^n) {Ia^Swu)) Pa- (28) 

The dependence of the total PF-nucleon collision luminosity, summed over all PF- 
boson polarization states, upon the nucleon-nucleus collision luminosity is shown in 
Fig-IZb for three nuclear beams: helium, calcium and lead, and for the PFn-collision 
energies satisfying the condition of eq. This plot illustrates what values of 

luminosities of the proton-helium, proton-calcium and proton-lead collisions need 
to be achieved for the required PF-nucleon collision luminosity. If the luminosity 
of the p-A collisions decreases with the atomic number of the nucleus as LpA ~ 
Lpp/A^ then the p-Pb collisions are the most effective in reaching the highest possible 
sensitivity to the PF-nucleon collision effects. If it will decrease faster, e.g. like LpA ~ 

^^The lower boundary of the Lorentz 7 -factor depends upon the angular acceptance for the 
IF-decay products of the LHC detector. In the case of the ATLAS (CMS) detector 7 > 100. 
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Lpp! [A Z), then the beams of lighter nuclei may turn out to be more effective. Given 
the expected performance of the LHC collider for the proton-nucleus collisions, the 
sensitivity to the hh-nucleon cross sections down to the level of 100 nb can be 
reached. The systematic sensitivity will be determined entirely by the quality of 
the dedicated analysis methods capable of reducing the overwhelming background 
to the hh-boson collision effects due to conventional partonic processes. 

One of the merits of the hh-beam at the LHC collider is that it is a broad- 
momentum-band beam. It will give access to a broad range of the hh-nucleon 
collision energies. The spectrum of energies of the kh-nucleon collisions is shown 
in Fig. |H^. The accessible energies extend up to the TeV range - the region where 
collisions of the PF-bosons, in particular the longitudinally polarized PF-bosons, are 
expected to shed light on the mechanism of the electroweak symmetry breaking. 



Figure 8: The distribution of the PF-nucleon CMS energy, (a), and ratio of the collision- 
energy spectra for the PF’*' and PF“ beams, (b). 


In Fig. IHb we show the ratio of the energy spectra for positively and negatively 
charged PF-bosons. This plot illustrates the merit of having simultaneous beams 
of positively and negatively charged PF-bosons for exploring the energy dependence 
of the PF-nucleon inclusive cross section. Even if the centre-of-mass energy of the 
PF-nucleon collision is not directly reconstructed, the PF’*' and PF“ spectra are 
sufficiently distinct to look for the anomalies in energy dependence of the cross 
section, in the abnormal effective-target-length dependence of the charge asymmetry 
of the hnal-state PF-bosons. 


33 







7 Outlook 

The luminosity the hh-nucleon collisions that can be reached at the LHC may not 
be high enough to explore the rare hh-boson collisions (e.g. the W-W collisions). 
The sensitivity to such processes is inferior with respect to the canonical proton- 
proton (nucleon-nucleus) collisions, where the process of the virtual hh-boson cre¬ 
ation and its subsequent hard collision takes place in a single space-time volume^"^. 
The hh-nucleon collisions will be optimal, for exploring “soft” hh-boson collisions 
with hadronic matter, in particularly for investigating the processes sensitive to the 
polarization of the initial hh-boson. Generic studies of such collisions may lead to 
surprises which are not present in the inventory lists of the canonical search scenar¬ 
ios. 

The hh-nucleon collision program at the LHC could start from the analysis of 
the electroweak-boson production in the proton-lead collisions. This conhguration is 
already foreseen in the LHC collider program. Such studies could be considered as a 
“femto-detector R&D”, having as a goal to demonstrate the feasibility of extraction 
of the IH-nucleon collision signals in the proton-lead collisions. If such a demon¬ 
stration is made and the need for a generic exploration of the IH-boson collisions at 
the LHC energies arise (either because of conhrmation or because of rejection of the 
canonical scenarios of the electroweak symmetry breaking), the conhguration phase 
of the femto-experiment could follow. Conhguring the femto-experiment would con¬ 
sist of choosing the optimal nuclear species, beam energies and the running time 
in each of the LHC collider setting for the highest sensitivity to the IH-nucleon 
collision effects. 


8 Concluding Remarks 

In this paper we have presented a generic, experimental method of exploring the 
processes of collisions of the IT-bosons with hadronic matter in the TeV-energy 
range. We have shown that the collisions of the standard LHC beams can be treated 
as an incoherent source of the polarized, wide-momentum-band W-boson beam. 
Such a beam can be used to study the collisions of the W-bosons with nucleons 
in analogous way to the use of the muon beam in the fixed-target experiments. 
We have proposed a coherent data analysis framework allowing to relate both the 
spin-independent and the spin-dependent W-nucleon collision observables to the 
event rates measured in collisions of the primary LHC beams. We have discussed 
the unfolding method of the W-nucleon collision cross sections and proposed the 
experimental methods of controlling the spectra and the fluxes of the W-boson beam, 

rare, hard IT-nucleon collisions can be considered in this context as higher-twist processes 
in nucleon-nucleus collisions. 
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its polarization, and the effective lengths of the fh-boson targets. The hh-nucleon 
luminosities that can be achieved at the LHC reach the values of L = 10^® cm“^ s“^. 

In this paper we have not discussed the selection methods for filtering out the 
signals of the hh-boson collisions from the background of ordinary nucleon-nucleus 
collisions. This subject will be a addressed in jTj. 

The main purpose of this paper is to draw attention to a very important and 
unique merit of the LHC nuclear beams for the experimental program aiming to 
explore, in the model independent way, the collisions of electroweak bosons at the 
TeV energy scale. Such a program can be uniquely realized at the LHC collider 
owing to the versatility of its running modes and beam particle species. It can 
be realized neither at the lepton-beam colliders nor at the Tevatron collider. The 
luminous nuclear beams provide the indispensable research tools for such a program. 
While their merits for the QCD sector of the Standard Model, in particular for 
searches of the quark-gluon plasma, are widely accepted, their merits for studies of 
the electroweak sector of the Standard Model have, up to our best knowledge, not 
been put so far into sufficiently bright light. This paper could be considered as an 
attempt to fill in this gap by showing the unique role of the LHC collision scheme 
in which the light ions (protons) are colliding with the heavy ions. 
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